Objective-Increasing evidence suggests that bone morphogenetic protein (BMP) signaling regulates angiogenesis. Here, we aimed to define the function of BMP receptors in regulating early postnatal angiogenesis by analysis of inducible, endothelial-specific deletion of the BMP receptor components Bmpr2 (BMP type 2 receptor), Alk1 (activin receptor-like kinase 1), Alk2, and Alk3 in mouse retinal vessels. Approach and Results-Expression analysis of several BMP ligands showed that proangiogenic BMP ligands are highly expressed in postnatal retinas. Consistently, BMP receptors are also strongly expressed in retina with a distinct pattern.
B
one morphogenetic protein (BMP) signaling has been implicated as a key regulator for angiogenesis. 1 Depending on the nature of the ligands, BMP signaling can either promote or inhibit angiogenesis 2 ; proangiogenic BMP2/4 augments vessel sprouting in a matrigel plug assay, 3 and stimulation with BMP2 promotes angiogenic responses such as filopodia extension and migration in human umbilical vein endothelial cells by inducing the expression of target genes, such as MYOX. 4 In addition, its zebra fish orthologue, Bmp2b, functions as the predominant angiogenic cue for veins. 5, 6 Similar proangiogenic effects have been demonstrated for BMP6. 4, 7 In contrast, BMP9 and BMP10 induce quiescence of endothelial cells and, therefore, function as antiangiogenic cues. [8] [9] [10] Consistent with the idea that BMP9 and BMP10 modulate the homeostasis of mature vessels, it has been shown that BMP9 can promote differentiation of endothelial progenitors during ischemic neovascularization.
On the cell membrane of the signal receiving cells, BMP ligands interact with tetra-heteromeric receptor complexes composed of 2 BMP type 1 receptors (BMPR1s) and 2 BMP type 2 receptors (BMPR2s). The signaling specificity of each BMP ligand is determined by the interaction between BMP ligand and its cognate BMPR1 since BMPR2 can only serve as a low-affinity receptor. 12, 13 Therefore, BMPR1s are essential for the outcomes of BMP signaling. In the mammalian genome, 4 BMPR1s, Alk1/Acvrl1, Alk2/ Acvr1, Alk3/Bmpr1a, and Alk6/Bmpr1b, have been annotated. 14, 15 Previous work showed that endothelial-specific deletion of Alk1 generates exuberant angiogenesis, indicating that ALK1 (activin receptor-like kinase) is likely to mediate antiangiogenic BMP9/10 signaling in endothelial cells. 9, 16, 17 Considering that ALK2, ALK3, and ALK6 bind to BMP2, BMP4, and BMP6 in other circumstances, 18 these receptors are likely to mediate proangiogenic BMP signaling. However, since global deletion of these receptors leads to early embryonic lethality, [19] [20] [21] [22] surprisingly little is known about the individual function of these BMPR1s in endothelial cells. In addition, previous attempts to elucidate the role of each BMPR1 in endothelial cells failed to provide comprehensive analyses because of the lack of suitable endothelial-specific Cre driver lines. 23, 24 Most importantly, manipulations of BMPR1 in endothelial cells were not performed in the same way in the same vascular bed in previous studies, making it difficult to determine the role of each BMPR1s in endothelial cells. 23, 24 In this study, we investigated the function of each BMPRI in angiogenesis using postnatal mouse retinal vessels to better understand the molecular and cellular underpinning of proangiogenic BMP signaling. To assess the contribution of BMPs in retinal angiogenesis, we showed BMP signaling reporter activity in the early postnatal retina and found that BMP6 and BMP7 are the most abundant BMP ligands in that organ. We found that several BMPR1s were expressed in distinct regions of the retinal vasculature. Conditional deletion of Bmpr2 and 3 highly expressed BMPRIs, Alk1/Acvrl1, Alk2/Acvr1, and Alk3/Bmpr1a, in endothelial cells of postnatal mice showed that mice deficient for Alk2/Acvr1 or Alk3/Bmpr1a partially phenocopied the vascular defects of mice with an endothelialspecific deletion of Bmpr2. Taken together, our data indicate that the proangiogenic BMP signaling mediated by ALK2 and ALK3 receptors, likely in conjunction with BMPR2, is essential for proper retinal angiogenesis.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Diverse BMP Ligands and Receptors Are Expressed During Retinal Angiogenesis
To determine the role of proangiogenic BMP signaling, we first examined the expression of GFP (green fluorescent protein) in retinal vessels of BMP responsive elements (BRE)-GFP mice, where the expression of GFP is regulated by BRE isolated from the Id1 promoter. 25 As previously reported, 26 BRE-GFP expression was broadly detected in P5 retinal vessels ( Figure 1A ). Within the vascular front, BRE-GFP was highly expressed in both tip and stalk cells ( Figure 1B) . While the expression of BRE-GFP in stalk cells can be attributed to the ALK1-mediated antiangiogenic BMP signaling activity, 9, 26 it is not clear how BRE-GFP expression in tip cells is induced.
To identify which BMP ligands and receptors induce BRE-GFP expression in the retinal vessels, we performed in situ hybridization analyses on mouse retinas and quantitative reverse transcriptase polymerase chain reaction using cells isolated from postnatal retinas at different developmental stages ( Figure 1C ; Figure I in the online-only Data Supplement). A number of proangiogenic BMP ligands were highly expressed during the stages, coincident with extensive retinal angiogenesis ( Figure 1C ; Figure II in the online-only Data Supplement). In particular, the expression of BMP6 and BMP7 was increased over 2-folds. In contrast, expression of BMP9 and BMP10, which are ligands for ALK1 and are produced by liver and heart, respectively, were not detected in the retina ( Figure I in the online-only Data Supplement). However, given that they are delivered by circulation, it is likely that the mature BMP9 and BMP10 protein are present in the retina. In endothelial cells, only 3 BMPR1s, ALK1, ALK2, and ALK3, but not ALK6, were highly expressed. Therefore, ALK6 was excluded from further analyses ( Figure III in the online-only Data Supplement).
Next, we analyzed the expression of BMPR2 and the 3 BMPR1s that are abundant in endothelial cells, ALK1/ ACVRL, ALK2/ACVR1A (activin type 1 receptor A), and ALK3/BMPR1A by immunostaining in retinas ( Figure 1D through 1G and data not shown). BMPR2 staining is vascular and appears in all vessels, with heightened expression at the vascular front ( Figure 1D and 1D′). Interestingly, each BMPR1 has distinct expression pattern; ALK1 and ALK3 proteins are found in both plexus and vascular front, with ALK1 being enriched in the arteries of the plexus region. ALK2 staining is highly enriched in veins in the plexus region and not associated with the vascular front or arteries ( Figure 1E through 1G and 1E′ through 1G′). These findings show that proangiogenic BMP ligands and receptors are highly expressed in blood vessels during retinal development, and the receptors have distinct expression patterns. Therefore, it is likely that BRE-GFP reporter activity in tip cells at the vascular front results from the activity of proangiogenic BMP ligands.
BMPR2 Activity Promotes Retinal Angiogenesis
To examine the requirement for proangiogenic BMP signaling during retinal angiogenesis, we generated mice carrying an inducible, endothelial-specific Bmpr2 deletion by crossing Bmpr2 fl/fl and Cdh5(Pac)Cre ERT2 mice. 27 Given that BMPR2 is the predominant binding partner for BMPR1s mediating Figure 2B and 2C ). These data show that proangiogenic BMP signaling mediated by BMPR2 is a critical positive regulator of retinal angiogenesis. ;Cdh5(Pac)Cre ERT2 mice injected with 100 μg tamoxifen at P1; retinas were assayed P5 (n=5). P<0.05. Statistical significance was assessed using a Student unpaired t test. ;Cdh5(Pac) Cre ERT2 retinas compared with that in wild-type littermates ( Figure 3D ). These findings show that both ALK2 and ALK3 Considering that both Alk2 and Alk3 deletion in endothelial cells significantly delayed radial expansion but only Alk3 is expressed at the vascular front, we hypothesized that ALK2 and ALK3 receptors would differentially affect angiogenic sprouts. To examine this notion, we first examined the phenotype of endothelial deletion of Bmpr2 and found that lack of Bmpr2 significantly decreased the number of angiogenic sprouts ( Figure 4A ). Endothelial deletion of Alk3/BMPR1A similarly decreased the number of angiogenic sprouts present at the vascular front when compared with phenotypic wild-type littermates ( Figure 4B and 4C) , whereas deletion of Alk2 did not significantly alter the number of angiogenic sprouts at the vascular front. Considering that the vascular coverage (percent vascularized area) was significantly decreased in retinas of mice with deletion of either receptor ( Figure 3B through 3D) , it is likely that different BMPR1 receptors mediate proangiogenic BMP signaling at the vascular front and behind the front.
Endothelial-Specific Deletion of
Discussion
Our results identify BMPR2/ALK2 and BMPR2/ALK3 as key receptors that mediate proangiogenic BMP signaling in the early postnatal retina and reveal regional differences among BMPR1s by analysis of parallel genetic experiments in a defined vascular bed. Deletion of the common BMPR2 receptor reduced vascular sprouting and density. Deletion of ALK3, which is ubiquitously expressed in retinal endothelial cells, also dramatically reduced vascular sprouting and density, while loss of ALK2, which is enriched behind the vascular front, did not significantly affect sprouting but reduced overall vessel density. Therefore, we propose that spatially regulated BMPR1 expression fine-tunes endothelial cell responses to proangiogenic BMP ligands in development. Since expression of BMP ligands selective for ALK2 and ALK3 is elevated during retinal angiogenesis, it is tempting to speculate that BMP6/7-ALK2/3-BMPR2 signaling axis may provide essential input for the developing retina.
Since the phenotype of endothelial-specific deletion of Bmpr2 is distinct from the vascular phenotype caused by endothelial-specific deletion of Alk1, it is likely that BMPR2-mediated proangiogenic signaling is dominant over interactions with ALK1 in the early postnatal retina. In contrast, ALK2 and ALK3 seem to be essential for BMPR2-mediated proangiogenic signaling. These receptors function similarly but nonredundantly behind the vascular front in mediating branching as deletion of either type 1 receptor partially phenocopies the phenotype of Bmpr2 deletion and results in reduced branching. This finding suggests that both ALK2/BMPR2 and ALK3/BMPR2 complexes contribute to branching morphogenesis, which is consistent with our previous finding that proangiogenic BMP signaling leads to increased branching in vitro and in vivo. 5, 6 Angiogenic sprouting at the vascular front is likely to selectively use ALK3/BMPR2 complexes since genetic deletion of Alk2 did not significantly affect angiogenic sprouting. This is consistent with the expression patterns of the receptors in the early postnatal retina as ALK3 but not ALK2 reactivity was found at the vascular front. ALK2 reactivity is enriched in veins, while ALK3 expression is not enriched in larger vessels, suggesting potential differences in ALK2-and ALK3-mediated proangiogenic BMP signaling. ALK1, which does not seem to be essential for BMPR2-mediated proangiogenic BMP signaling, may provide an additional regulation for vessel remodeling and homeostasis at later stages.
Previously, it has been shown that BMPR1s can promiscuously form heterodimeric complex. 16, [28] [29] [30] For instance, it has been shown that ALK1 and ALK2 can form heterodimers under certain circumstances. 29, 30 Similarly, ALK2 and ALK3 are proposed to form heterodimers to mediate BMP2 signaling. 28 Therefore, it is possible that they may influence the signaling property of each other. Although we cannot rule of this possibility because of the lack of appropriate reagents, given the distinct expression pattern of BMPR1s, we think that the vascular phenotype caused by endothelial-specific deletion of single BMPR1 is likely to represent the unique signaling property of each receptor.
Our analyses indicate that ALK3/BMPR2-mediated BMP signaling regulates angiogenic sprouting at the vascular front, whereas both ALK3/BMPR2 and ALK2/BMPR2 regulate branching behind the vascular front. This is consistent with our finding that BMP signaling, as read out by BRE-EGFP (enhanced green fluorescent protein), is active throughout the retinal vasculature and suggests that proangiogenic BMP signaling regulates both sprouting and branching. These results are consistent with a previous report describing ubiquitous expression of BRE-EGFP in retinal vessels. 26 Our work presents compelling evidence that proangiogenic BMP signaling is important for angiogenesis. Here we show that expression of type 1 receptors, specifically ALK2 and ALK3, may explain the different effects of BMP signaling on developing vessels, and they each likely complex with BMPR2 to mediate proangiogenic effects in blood vessels in a nonredundant way. While the molecular underpinning of the phenotypic differences between Alk2 fl/fl ;Cdh5(Pac)Cre ERT2 and Alk3 fl/fl ;Cdh5(Pac)Cre ERT2 mice needs further analyses, careful phenotypic comparisons between these mice will help elucidate how angiogenesis is regulated in development and disease and may provide useful information in developing therapeutic strategies.
